Hepatitis C virus (HCV) chronically infects at least 1% of the world's population. Chronically infected individuals are at increased risk for developing liver cirrhosis and hepatocellular carcinoma. In the United States, end stage liver disease caused by chronic HCV infection is the leading reason for liver transplantation.
HCV is a positive-sense, single-stranded RNA virus that represents the third genus of the family Flaviviridae. Shortly after its discovery in 1989, it became clear that HCV had substantial nucleotide sequence diversity, with only 66 to 80% overall sequence similarity among strains belonging to different genotypes or subtypes (4) . Analysis of the nucleotide sequence homology of different viral genomic regions such as the 5Ј noncoding (5ЈNC) region and regions coding for the envelope (E1), core, and nonstructural 5B (NS5B) proteins led to the identification of six major genotypes and numerous subtypes within the genotypes (20) . The genotypes and subtypes of HCV differ in geographic distribution, but genotypes 1, 2, and 3 are by far the most common. These three genotypes are responsible for more than 90% of the infections in North and South America, Europe, and Japan.
The best available therapy for HCV infection, alpha interferon in combination with ribavirin, is not highly effective. The sustained virologic response rates of treated patients range from 30 to 70% and are dependent on several key clinical and virologic factors (12, 16) . The HCV genotype has emerged as an important factor both in predicting a sustained response to and in determining the duration of antiviral therapy, with genotype 1 infections having the lowest response rates and requiring the longest therapy (17) . HCV genotyping is firmly established as part of the pretreatment evaluation of patients with chronic infections, and a current procedural terminology (CPT) code for HCV genotyping (87902) was created by the American Medical Association effective 1 January 2002 (1) .
A variety of methods are used to genotype HCV, including direct nucleic acid sequencing (21) , a reverse hybridization line probe assay (LiPA) (25) , subtype-specific reverse transcription (RT)-PCR (15) , DNA restriction fragment length polymorphism (13) , heteroduplex mobility analysis (26) , primer-specific and mispair extension analysis (8) , melting curve analysis with fluorescence resonance energy transfer probes (19) , and serologic genotyping (5) . Nucleic acid sequencing and phylo-genetic analysis of an appropriate subgenomic region remains the reference method. All of the methods are technically complex and costly, many lack standardization, and none are cleared for use by the U.S. Food and Drug Administration.
Genotyping schemes based on variable regions such as the E1, core, and NS5B regions provide enough resolution to reliably determine types and subtypes; however, the 5ЈNC region is too conserved for accurate discrimination of all subtypes (23) . Nevertheless, the conserved nature of the 5ЈNC region has made it the preferred target for pangenomic HCV RNA detection tests, and sequence analysis of amplicons from these tests is the most efficient way to genotype HCV in a clinical laboratory setting since both tests can be completed with the product from a single amplification reaction.
We compared the performance characteristics of a standardized direct sequencing method (TRUGENE HCV 5ЈNC; Visible Genetics Inc., Toronto, Ontario, Canada) with those of a reverse hybridization LiPA (INNO-LiPA HCV II; Bayer Corp., Tarrytown, N.Y.) for HCV genotyping. Both tests are based on detection of sequence heterogeneity in the 5ЈNC region. The concordance, accuracies, sensitivities, and abilities to identify mixed-genotype infections of the two methods were assessed in this clinical evaluation.
(Part of this work was presented in abstract form at the Association for Molecular Pathology Annual Meeting in Philadelphia, Pa., in 2001.)
MATERIALS AND METHODS

Specimens.
A total of 172 clinical specimens were analyzed. Eighty-two percent of the serum samples (n ϭ 141) were submitted to Emory Medical Laboratories for HCV genotyping and included serum samples containing HCV genotypes 1, 2, and 3. The other 18% (31 serum samples), containing HCV genotypes 3, 4, 5, and 6, were obtained from the Visible Genetics sample bank. All serum samples were stored at Ϫ70°C prior to testing.
HCV RNA amplification. The qualitative AMPLICOR HCV Test v2.0 (Roche Diagnostics Corp., Indianapolis, Ind.) was used to amplify a 244-nucleotide (nt) sequence within the 5ЈNC region of the HCV genome (11) . The biotinylated amplicon from this test was used for both the LiPA and the TRUGENE 5ЈNC sequencing method. The AMPLICOR MONITOR HCV Test v2.0 (Roche Diagnostics Corp.) (11) was also used to quantitate HCV RNA in some samples and in a comparison of the relative sensitivities of the two 5ЈNC genotyping methods using the amplicons from both AMPLICOR tests. Both AMPLICOR tests were performed in accordance with the manufacturer's instructions and amplify the same sequence within the 5ЈNC region. Prior to genotyping with the TRUGENE 5ЈNC kit, denatured amplicons from the AMPLICOR tests were purified by using the QIAquick PCR purification kit (Qiagen, Valencia, Calif.) in accordance with the manufacturer's instructions. PCR amplicons were used directly without purification in the LiPA.
INNO-LiPA HCV II. The INNO-LiPA HCV II method uses 19 type-specific oligonucleotide probes attached to nitrocellulose strips to detect sequence variations found in the 5ЈNC region of HCV (25) . The biotin-labeled PCR product is hybridized to the probes on the strip under stringent conditions. After hybridization and washing, streptavidin-labeled alkaline phosphatase is added; followed by incubation with a chromogen, which results in the development of a purplebrown precipitate when there is a match between the probe and the biotinylated PCR product. Hybridization of the amplicon with one or more lines on the strip allows the classification of six major genotypes and their most common subtypes. The test was performed in accordance with the manufacturer's instructions, and the probe reactivity patterns were interpreted by using the chart provided by the manufacturer.
TRUGENE sequencing. Sequencing products were generated from HCV amplicons by using the bidirectional CLIP sequencing method (27) . The CLIP sequencing method uses a set of four reaction mixtures containing standard dideoxynucleotide terminators and primers labeled with two different cyanine dyes to sequence both strands of the target amplicon simultaneously in the same tube. The PCR sequencing reaction is performed for 30 cycles and generates chain termination reaction products for each primer. The reaction products are detected in four lanes of an ultrathin polyacrylamide gel by using the Long-Read Tower sequencer. Analysis of the electropherograms was done with the GeneObjects 3.1 software. The forward and reverse sequences are combined to form a query sequence that is compared to previously characterized HCV sequences in the GeneLibrarian module to determine the HCV subtype and the closest isolate. The TRUGENE 5ЈNC sequencing reaction analyzes a 183-nt fragment from nt Ϫ278 to nt Ϫ96 (numbering according to reference 4) and compares the query sequence to a library containing sequences representing the six major genotypes and the 24 most common subtypes. The report lists the 10 closest (or identical) sequences in the database and gives the GenBank accession number, percent homology, and score. The homology is expressed as the percentage of identical bases within the sequenced region between the sample and the reference sequence. The score indicates the number of identical bases at known polymorphic positions. There are 78 such positions in the library.
The TRUGENE HCV NS5B assay generated a 450-nt amplicon that was CLIP sequenced, and a 157-nt fragment (shown in Fig. 1 ) was analyzed by using the NS5B GeneLibrarian module. The NS5B primers amplify all of the genotypes. A 400-nt segment of a 1,800-nt amplicon of the E1 gene (nt 900 to 1,300 relative to the full genome sequence) was CLIP sequenced for E1 genotyping. The E1 primers amplify type 1 and 4 strains well but give weaker signals with type 2 strains. The 5Ј and 3Ј combined sequence was used with a basic local alignment search tool (BLAST; National Center for Biotechnology Information; www .ncbi.nlm.nih.gov) to find the best-matched 5ЈNC, core, E1, and NS5B sequences in the GenBank database for some samples.
Study design. All clinical specimens were genotyped with both the LiPA and the TRUGENE 5ЈNC kit from aliquots of a single RT-PCR. Sequence analysis of the more informative NS5B region was also done for 86% of the specimens to confirm the accuracy of and resolve discrepancies between the 5ЈNC genotyping results. E1 genotyping was performed on some samples to help resolve discrepancies between the 5ЈNC and NS5B genotyping results.
Sensitivity panels were prepared by serially diluting clinical specimens containing HCV genotypes 1a, 1b, and 3a in normal human plasma. Each panel member was tested with both the AMPLICOR HCV (qualitative) and AMPLI-COR HCV MONITOR (quantitative) tests, and an aliquot of the amplicon for each test was used for genotyping.
Mixtures of genotypes 1b and 1a, 2b and 1a, and 3a and 1a at relative proportions of 1, 5, 10, 25, and 50% were prepared at a final concentration of approximately 10 5 IU/ml. Each mixture was amplified with the AMPLICOR HCV Test, and aliquots of the amplicon were genotyped by both 5ЈNC genotyping methods to assess the abilities of these methods to detected mixed infections.
Timing studies were performed to determine the labor components of both genotyping methods for a batch of 20 samples processed by one technician. The time required to produce the PCR product was not included because this step is common to both genotyping methods. Sequence analysis of the NS5B region was performed on 148 (86%) of the clinical samples representing genotypes 1, 2, 3, 4, and 6. The LiPA and NS5B typing results of the discordant samples are shown in Table 2 . Discrepancies were found between the LiPA and NS5B genotyping results at the subtype level for 21 samples (14.2%) and at the genotype level for 2 samples (1.4%). The TRUGENE 5ЈNC and NS5B typing results of the discordant samples are shown in Table 3 . Discrepancies between the TRUGENE 5ЈNC and NS5B genotyping results were found at the subtype level for 12 (8.1%) samples and at the type level for 3 (2%) samples. The overall accuracies of the 5ЈNC tests, as defined by agreement with the NS5B results, were 84.5% for LiPA and 89.9% for TRUGENE 5ЈNC.
RESULTS
Both
In total, there were three samples for which the 5ЈNC genotyping methods did not agree with NS5B sequence analysis at the type level. Sample 811000 was classified type 2a/c by LiPA, type 1b by TRUGENE 5ЈNC, and type 2a by both NS5B and E1 analyses. Unfortunately, none of this sample remained for repeated TRUGENE 5ЈNC typing. It is possible that the sample sequenced by the TRUGENE 5ЈNC method was mislabeled.
Two samples, 601592 and 732829, were classified as type 2 by both LiPA and TRUGENE 5ЈNC and genotype 1 by analysis of the NS5B region. The alignments of these sequences with type 1 and 2 consensus sequences for the 5ЈNC and NS5B regions are shown in Fig. 1 . Both samples matched the consensus type 1 sequence at all four informative positions in the 5ЈNC region. The 5ЈNC sequences from the two samples had no polymorphic positions. Both samples matched the consensus type 2 sequence at 14 of 15 informative positions in the NS5B region. The NS5B sequence from sample 601592 had two polymorphic sites, and the sequence from sample 732829 had none.
The genotype assignments of these samples were confirmed by BLAST searches (Table 4 ). The 5ЈNC sequence from sample 601592 showed 99% homology with a type 2 sequence (accession no. D497550), and the same region from sample 732829 showed 100% homology with a type 2b sequence (accession no. M84836). The NS5B sequence from sample 601592 showed 97% homology with a type 1b sequence (accession no. Z74503), and the same region from sample 732829 showed 96% homology with another type 1b sequence (accession no. AY030985).
BLAST searches of E1 sequences (not shown) found that the closest matches for these samples were type 2 sequences. Sample 601592 had 31% sequence homology with accession no. D46745 (type 2), and sample 732829 had 86% homology with accession no. AB030985 (type 2b). A BLAST search for sequences matching 384 nt of the core region from sample 601592 (not shown) found a best match with accession no. D31998 (type 2c), with 63% homology. Core region sequencing was not done for sample 732829. Each sequencing reaction described above for samples 601592 and 732829 was performed at least twice.
Samples from four patients hybridized to the two type 1-specific probes (lines 3 and 4), the subtype 1a probe (line 5), and one of two subtype 1b probes (line 6) on the LiPA strip, suggesting coinfections with genotypes 1a and 1b. The line 5 and 6 probe sequences on the LiPA strip were designed to detect the A/G polymorphism at nt Ϫ99 (25) . In general, the subtype 1a-specific motif contains an A at position Ϫ99 and most subtype 1b viruses have a G at this position. Three of these samples were called type 1a, and the remaining one was called type 1 by TRUGENE 5ЈNC. The 5ЈNC sequencing re- Known mixtures of genotypes were recognized by polymorphisms at informative sites in the 5ЈNC region with the sequencing method and by reactivity with more than one type or subtype probe with the LiPA (data not shown). A mixture of type 1b, 2b, or 3a with type 1a was correctly identified by TRUGENE 5ЈNC genotyping when one type represented at least 10% of the population (ϳ10 4 IU/ml). LiPA correctly identified these same mixtures when one type represented at least 5% of the population (ϳ10 3 IU/ml). Both the LiPA and TRUGENE 5ЈNC sequencing required approximately 4 h after PCR amplification of the target sequence to complete. The labor component, on the basis of a batch of 20 samples, was calculated to be 5.52 min/sample for LiPA and 11.24 min/sample for TRUGENE 5ЈNC.
DISCUSSION
Clinical laboratories are under increased pressure to perform HCV genotyping because of the importance of the HCV genotype as a predictor of treatment response. Nucleotide sequence analysis is the "gold standard" for the identification of different HCV types and subtypes but, in the absence of commercially available methods, was considered impractical for many clinical laboratories. Therefore, a number of surrogate typing methods were developed, including LiPA, subtypespecific RT-PCR, DNA restriction fragment length polymorphism, heteroduplex mobility analysis, melting curve analysis, and serologic genotyping. The most widely used of these surrogate typing methods in clinical laboratories is the LiPA.
We compared the HCV genotyping results obtained with a commercially available sequencing system with those obtained with the LiPA. We found a very high level of agreement (99.5%) between the results of the two methods at the genotype level, but only moderate agreement (68.2%) at the subtype level was seen when a large number of clinical specimens representing all of the major types and subtypes of HCV were used. The lack of agreement between the subtype calls is not surprising considering that both methods target the 5ЈNC region. The 5ЈNC region is among the most highly conserved regions of the viral genome, and in several cases, only one or two nucleotide changes distinguish unique subtypes (23) .
By using sequence analysis of the less-conserved NS5B region as the gold standard, we found that the accuracies of LiPA and TRUGENE 5ЈNC genotype calls were 98.6 and 98%, respectively, but were only 85.8 and 91.9% accurate, respectively, at the subtype level. Our findings are consistent with other studies that have compared genotyping results from analyses of different subgenomic regions (3, 10, 14, 22, 24) . These data suggest that clinical laboratories should not call HCV subtypes from analysis of the 5ЈNC regardless of the method employed because of the inherent inaccuracy of the calls. There are no recognized subtype-specific differences in disease progression or response to therapy that would warrant these designations.
Our results are similar to two previously published comparisons of the TRUGENE HCV 5ЈNC kit and the LiPA (2, 7). Both studies found a high level of concordance between the results of the two methods at the genotype level and that neither method could reliably discriminate subtypes of HCV. A third study compared the results of the TRUGENE assay with a core region microwell hybridization assay and found an overall concordance of 91% between the results of the two genotyping methods, with no genotype miscalls with the TRU-GENE assay (18) . We extend and expand the observations made in these previous studies. Ours is the first study to critically evaluate the sensitivities, abilities to detected mixed genotype infections, and laboratory costs of these methods. Our study is also the first evaluation of the TRUGENE method with specimens obtained from patients in the United States. In addition, we identified two distinct HCV strains that were assigned different genotypes on the basis of sequence analysis of different subgenomic regions.
In practice, sequence analysis of a single subgenomic region is used to genotype HCV because full genome sequencing is impractical in a clinical setting. The underlying assumption is that the region analyzed is representative of the entire HCV genome. The assumption is supported by studies that have compared genotype assignments based on the sequencing of different regions of the HCV genome (10, 14, 22, 24) . However, it would be challenged if recombination between different HCV genotypes in patients with coinfections occurred during replication, producing viable hybrid viruses.
A naturally occurring intergenotypic recombinant of HCV was recently identified in St. Petersburg, Russia (9) . This virus was found to belong to two different genotypes, 2 and 1, by sequence analysis of the 5ЈNC region and NS5B regions, respectively. The crossover point for this virus was mapped within the NS2 region. This recombinant virus now accounts for 5% of the HCV infections in St. Petersburg. Recombination may play a role in creating genetic diversity in HCV that may be important in understanding the natural history and treatment of hepatitis C. We also found two distinct strains of HCV classified as type 2 by analysis of the 5ЈNC region that were clearly type 1 by analysis of the NS5B region. These sequencing results were reproducible, and little or no polymorphism at key sites within these regions was observed in the electropherograms. Consequently, sample mislabeling or mixed-genotype infections, with selective amplification of one type, are unlikely explanations for our observations. These viruses, like the St. Petersburg strains, may also be examples of hybrids that were produced by separate intertype recombination events. However, further sequence analysis and mapping of the crossover junction are required to prove that these two strains are indeed hybrid viruses. Discrepancy of HCV genotypes as determined by analysis of partial NS5 (genotype 3a) and core sequences (genotype 1a) were also reported for two Honduran HCV strains (28) . However, the low frequency of discordant results at the type level does not justify sequencing of multiple regions for routine genotype assignments in most patient populations.
We used the AMPLICOR and AMPLICOR MONITOR tests to generate the 5ЈNC amplicons for genotyping. These tests are widely used in clinical laboratories to detect and quantitate HCV RNA, and the amplicons from these tests can used for genotyping in both the LiPA and the TRUGENE 5ЈNC test. However, genotypes can be determined from specimens with lower viral loads if the qualitative HCV RNA test is used to generate the amplicons for genotyping. The qualitative RNA test is carried through more thermal cycles than the quantitative test, and as a result, more PCR product accumulates for a given viral load. Genotypes can be determined from samples with viral loads as low as 10 3 IU/ml when amplicons from the qualitative test are used. However, the genotyping methods will likely fail for specimens with viral loads of Ͻ10 5 IU/ml when amplicons from the quantitative test are used.
The reported prevalence of HCV mixed-genotype infections varies widely from 0 to more than 20% and appears to be influenced by both the patient population studied and the genotyping method employed (6, 8, 10) . Reliable detection of mixed-genotype infections may have broad applications in studies of epidemiology, natural history, pathogenesis, and treatment of hepatitis C. PCR amplification, followed by cloning of the PCR products and sequence analysis of the individual clones, is the only way to establish with certainty that a patient is infected with more than one genotype of HCV but is impractical in a clinical setting. We demonstrated that both the LiPA and the TRUGENE 5ЈNC method can detect mixtures of two different HCV genotypes. Mixtures of genotypes were recognized as long as the minority population represented at least 5% of the total virus population with the LiPA and at least 10% of the total virus population with the TRUGENE 5ЈNC method. Although we showed that both methods could reliably detect mixtures of different genotypes prepared in the laboratory, neither method provided convincing evidence of mixed infections in any of the clinical specimens tested.
The LiPA identified four clinical specimens that potentially contained mixtures of genotypes 1a and 1b. All four specimens shared the same unusual pattern of reactivity with the probes in the LiPA (lines 1, 2, 3, 4, 5, and 6). This pattern of probe reactivity was not one of the 58 reactivity patterns predicted by Stuyver et al. (25) on the basis of their analysis of 448 sequences present in several large databases. Probes 5 and 6 are used to detect a subtype-defining A/G polymorphism at position Ϫ99. Sequencing of the 5ЈNC region demonstrated that three of these viruses had both G and A at that position. This apparent G/A polymorphism could result from natural genome divergence during replication (quasispecies), base misincorporation during RT-PCR, or mixed-genotype infection. Chen and Weck (3) recently provided evidence that the A/G polymorphism at position Ϫ99 cannot differentiate subtype 1a from subtype 1b. We found no evidence of mixed infection when the NS5B region was sequenced, and all viruses were subtyped as 1a, with no polymorphisms at key sites in this region. Furthermore, a recent update of the LiPA interpretation chart issued by the manufacturer after completion of this study identifies specimens with this pattern of reactivity as genotype 1 without any subtype designation.
In our laboratory, we estimated the direct costs per test (reagents and labor) of the LiPA and the TRUGENE 5ЈNC sequencing method for HCV genotyping to be comparable at approximately $100. These costs do not include the capital equipment costs, which are substantially greater for the sequencing method. However, in laboratories already using the TRUGENE HIV-1 genotyping assay, these costs could be avoided because the equipment required for HCV genotyping is the same. The Centers for Medicare and Medicaid Services recently decided to reimburse laboratories that bill under the HCV genotyping CPT code (87902) at the same rate as human immunodeficiency virus type 1 resistance genotyping (87901). In most regions of the United States, the Medicare reimbursement for CPT code 87901 is sufficient to cover the costs associated with HCV genotyping methods.
The two methods provide reliable HCV genotyping results at the type level and have similar analytical sensitivities and abilities to recognize mixed infections. The TRUGENE 5ЈNC method is more technically complex to perform than LiPA, but the more detailed information provided by the direct sequencing method could prove valuable in the detection of new viral types or in epidemiological investigations. In addition, the TRUGENE 5ЈNC system can be easily updated as new HCV sequence information becomes available and the platform offers users the option of generating sequence information from other regions of the HCV genome.
